Background: Bovine pericardium is one of the most widely used materials in bioprosthetic heart valves.
INTRODUCTION
Biological heart valves have been widely used in treatments for patients with valvular heart diseases. The durability of the valves is limited by structural degeneration and calcification. Recent studies have demonstrated the possible role of immunologic responses of xenoreactive antigens as a potential cause of the limited durability of xenograft heart valves. The mechanism of failure following a heart valve implantation is not catastrophic hyperacute rejection but rather subacute or chronic bioprosthetic valve dysfunction causing the eventual xenograft leaflet calcification [1] . The immune mechanism, a major barrier of galactose-alpha-1,3-galactose (α-gal) in xenotransplantation, is triggered by pre-existing human xenoreactive natural antibodies, which recognize the disaccharide α-gal present on the surface of pig cells and matrices. The antigen-antibody reaction causes complement activation and membrane attack complex deposition followed by massive tissue destruction [1] [2] [3] [4] [5] in the xenotransplantation.
There are several reports that the cause of degeneration of the xenograft heart valves may be mediated by immune responses [6] [7] [8] [9] [10] partly due to α-gal xenoreactive antigens expressed on the cells and connective tissues of the valves [7, 11] . To eliminate the harmful effects of xenoreactive major antigens, various tissue treatment techniques including dye oxidation methods, crosslinking, and decellularization have been attempted, but the majority of antigenicity remained even after glutaraldehyde treatment [6, 12] . We have previously reported that α-gal epitopes on the porcine valves could be effectively removed using recombinant human alpha-galactosidase A (α-galactosidase A), but significant tissue damage was also noticed during the process [13] . In this study, we investigated the effectiveness of human recombinant α-galactosidase on synthetic α-gal and porcine aortic endothelial cells (PAECs) using various methods. We also evaluated the effectiveness of Bacteroides thetaiotaomicron (B. thetaiotaomicron) recombinant α-galactosidase on the bovine pericardium.
Furthermore, the mechanical properties of bovine pericardium, which was treated with decellularization or α-galactosidase and fixed with glutaraldehyde, were investigated. The degree of collagen fiber rearrangement of the bovine pericardium treated with decellularization or α-galactosidase was determined using a transmission electron microscope (TEM).
MATERIALS AND METHODS

1) Methods of tissue treatment (study groups)
The bovine pericardial tissues were divided into six groups according to the treatment method. GA solution for 3 days, and then it was fixed with a 0.25% GA solution for 7 days (pH 7.4, at room temperature). (6) Group 6: the pericardial tissue was decellularized with 0.25% SDS and a 0.5% Tritonx-100 solution, fixed with a 0.5% GA solution for 3 days, and then fixed with a 0.25% GA solution for 7 days (pH 7.4, at room temperature). The bovine pericardial tissues for each analysis were obtained from the same animal (there were no differences between the experimental groups) to avoid a clustering effect. 
3) Decellularization
The bovine pericardial tissues were initially washed with 0.1% peracetic acid and distilled water with 4% ethanol for 2 hours to reduce the bioburden. These tissues were treated Optical density was measured at 450 nm using the Thermo Electron-Lab Systems (Labsystems, Vienna, VA, USA).
5) High-performance anion-exchange chromatography with pulsed amperometric detection
A previously published protocol was followed [14] . Briefly, 12 U/mL of human α-galactosidase A in 100 mM Hepes buffer at pH 5.0 was incubated with 0.5 mM synthetic type I α-gal (Genechem, Seoul, Korea) at 37 o C. The reaction was discontinued for 0 hour, 2 hours, and 6 hours as indicated in 
6) Flow cytometry
The previously published protocol was used after minor modifications [15] . Briefly, 3×10 5 Beckman Coulter, Fullerton, CA, USA).
7) Immunohistochemistry
Frozen blocks were sectioned into 4-um thicknesses. The sectioned samples were incubated in 1 ug/mL biotinylated GSIB4 lectin (Vector Lab, Burlingame, CA, USA). They were washed with PBS and treated with 5 ug/mL avidin-HRP (Molecular Probes, Eugene, OR, USA), and α-gal epitopes on the valves were visualized using 3,3'-diaminobenzidine (DAB; Vector, Burlingame, CA, USA) as a substrate. The DAB staining intensity of the valve tissues was captured under light microscopy.
8) Lectin-based enzyme-linked immunosorbent assay for α-gal epitopes on tissues
The punched pieces of the tissues were homogenized using a pulverizing machine cooled by liquid nitrogen. They were then incubated overnight in 0.5 mL of diluted isolectin-biotin of 10 ug/mL at 37 o C with 120 rpm agitation. After that, an unbound lectin solution was collected by centrifugation at 1,500 rpm. From this, 1:1, 1:10, and 1:100 diluted solutions were obtained, and 5 ug/mL α-gal-BSA was added to each of these three solutions and the standard curve sample (IB4-biotin, 5-500 ng/mL in 3% BSA/PBS blocking buffer).
These samples were immobilized on the microtiter well plate 
10) Tensile strength testing
A uniaxial test was used to compare the mechanical properties of the differently treated tissues. Tissue strips (5×50 mm, 10 strips for each group, 60 strips for fresh or fixed bovine pericardium) were cut in different directions to overcome material anisotropy. Tissue thickness was measured at 3 points using a thickness gauge (Quick-Mini 700-117;
Mitutoyo, Kawasaki, Japan). Tensile properties were evaluated using a tensile testing machine (K-ML-1000N; M-TECH, Seoul, Korea) equipped with a digital force gauge (DS2-50N;
IMADA, Tokyo, Japan) operating at an extension rate of 100 mm/min. Ultimate strength and strain at the fracture were evaluated from the recorded stress-strain curves.
11) Transmission electron microscopy
The bovine pericardial tissues were fixed with 2.5% of (JEM-1400; JEOL, Tokyo, Japan) at 80 kV.
12) Statistical analysis
Statistical analyses were performed using one-way analyses of variance Sigma Stat ver. 3.0 (SPSS Inc., Chicago, IL, USA). Statistical differences were compared using either the Student's t-test or a paired t-test. Probability values of ＜0.05
were considered statistically significant.
RESULTS
1) Recombinant human α-galactosidase A activity using ELISA, ion exchange column chromatography, and removal of α-gal epitopes on PAECs
To investigate the optimal condition of recombinant human α-galactosidase A activity, we established an α-galactosidase A activity assay using an ELISA (Fig. 1) and ion exchange column chromatography (Fig. 2) . Recombinant human α-galactosidase A effectively removed α-gal under acidic conditions, but not under physiological conditions. Recombinant human α-galactosidase A was most effective under pH 5.0 (pH 5.0＞6.0＞7.0＞8.0) at 37 o C in a concentration dependent manner (Fig. 1) . Treatment of α-gal synthetic type I with recombinant human α-galactosidase A was performed for 0 hour, 2 hours, and 6 hours. High-pressure anion-exchange column chromatography demonstrated that the α-gal synthetic type I disappeared and output products such as galactose and lactose appeared in a time-dependent manner (Fig. 2) . The α-gal levels were examined using GSIB4-FITC and flow cytometry. α-Galactosidase A significantly removed α-gal epitopes expressed on the surface of PAECs (Fig. 3) .
2) Removal of α-gal epitopes from the PAECs and the bovine pericardium using recombinant Bacteroides thetaiotaomicron α-galactosidase A
The bovine pericardium was decellularized. The α-gal epitopes on the bovine pericardium were sequentially stained with biotinylated lectin and avidin-HRP. GSIB4 is known to bind to the α-gal epitopes [17] [18] [19] . There were residual α-gal epitopes obtained on the surface of the decellularized bovine pericardium. To investigate the additional effect of recombinant B. thetaiotaomicron α-galactosidase on decellularized bovine pericardium, it was incubated in the presence of recombinant B. thetaiotaomicron α-galactosidase after decellularization (pH 7.2, 24 hours, 4 o C) and stained, as described above, to observe how residual α-gal epitopes exit.
Compared to the only decellularized bovine pericardium, the
Fig. 4. Removal of α-gal epitopes on the bovine pericardium by recombinant Bacterides thetaiotaomicron α-galactosidase using lectin histochemistry. Fresh bovine pericardium (D). Bovine pericardium treated with decellularization (E). Bovine pericardium treated with decellularization and α-galactosidase (F). (A), (B)
, and (C) were negative control of (D), (E), and (F), respectively. The frozen tissue samples were stained with biotinylated lectin and avidin-peroxidase to detect α-gal epitope. 3,3'-Diaminobenzidine staining intensity of tissues was captured by light microscopy (×400).
α-gal epitopes on the surface of the bovine pericardium were nearly completely removed (Fig. 4) .
3) Quantitative evaluation of α-gal on the surface of the bovine pericardium
The amounts of isolectin from the fresh bovine pericardium, the bovine pericardium treated with decellularization, − 386 − Values are presented as mean±standard deviation. and the bovine pericardium treated with decellularization and α-galactosidase were 30.91, 13.69, and 7.91 ng/mg (n=1), respectively. The total amounts of bound isolectin were determined by subtracting the remaining amounts of isolectin from the initial total amounts after tissue incubation. Each isolectin of the decellularized tissues, and the decellularized tissues treated with α-galactosidase was lowered by 55.72% and 74.41%, respectively, compared to fresh bovine pericardium (Fig. 5) . After decellularization and α-galactosidase processing, α-gal epitopes on the surface of the bovine pericardium were removed to a noticeable extent.
4) Permeability and compliance testing
The effects of treatment with α-galactosidase and decellularization of the tissues were monitored by measuring the leakage volume and compliances. The leakage volume of the tissue treated with α-galactosidase (group 2) and the decellularized tissue (group 3) was not significantly different from the fresh tissue (group 1) (group 1 vs. group 2, p=0.454; group 1 vs. group 3, p=0.580), and their compliance was also not different (group 1 vs. group 2, p=0.315; group 1 vs. group 3, p=0.365). In the GA-fixed groups, the leakage volume of the tissue treated with α-galactosidase (group 5) and the decellularized tissue (group 6) was not different from the simple GA-fixed tissue (group 4) (group 4 vs. group 5, p=0.517; group 4 vs. group 6, p=0.098). However, there were significant differences in permeability and compliance between the unfixed groups (group 1, 2, and 3) and the fixed groups (group 4, 5, and 6) (p＜0.001) ( Table 1) .
5) Tensile strength testing
The tensile strengths of the tissue treated with α-galactosidase (group 2) and the decellularized tissue (group 3) were not significantly different from the fresh tissue (group 1 vs. group 2, p=0.692; group 1 vs. group 3, p=0.348). In the GA-fixed groups, the tissue treated with α-galactosidase (group 5) was not different from the simple GA-fixed tissue (group 4; p=0.722). The decellularized tissue (group 6) was also not different from the simple GA-fixed tissues (group 4; p=0.800) ( Table 2 ). However, there was a significant difference between the unfixed groups and the GA-fixed groups (p ＜0.001). The tissues in the GA-fixed groups tended to be thicker than the unfixed groups, but the tensile strength of the tissues in GA-fixed groups was lower. However, strain at fracture was higher in the GA-fixed groups than in the unfixed groups.
6) Transmission electron microscopy
The gaps between the collagen fiber bundles of the decellularized bovine pericardium (Fig. 6B ) and the decellularized bovine pericardium treated with α-galactosidase ( Values are presented as mean±standard deviation. same part of the pericardium with the same distribution of collagen bundles were taken as specimens after enzymatic processes.
DISCUSSION
An early failure of xenogeneic heart valves, especially in children, has been a major drawback in clinical situations.
Furthermore, the progressive degeneration of implanted bioprosthetic heart valves caused by their limited durability is still a major obstacle to overcome. Among many factors, the presence of α-gal epitopes on cells or tissues may play a key role in inducing early xenoimmune inflammatory responses on an implanted xenograft heart valve [17] .
It has been reported that porcine heart valves preserved with glutaraldehyde alone do not have significantly longer longevities because of α-gal epitopes; the antigens of the xenograft valves [20] remained on commercially available porcine heart valves after treatment with glutaraldehyde [21, 22] . The exact molecular mechanisms of degeneration have still not been proven, but, in clinical situations, α-gal epitope-induced immune responses develop rapidly in patients after implanting the xenograft heart valves [10, 23, 24] . Thus, eliminating α-gal epitopes on implantable xenograft heart valves may possibly improve the durability of the valves.
Previously we reported the possibility that α-gal epitopes could be removed from porcine valves using recombinant human α-galactosidase A [13] .
The human recombinant α-galactosidase A (10 U/mL) could remove both α-gal-BSA immobilized in microtiter 
